COMPARISON OF FIVE MODELS TO SCALE
DAILY EVAPOTRANSPIRATION FROM
ONE-TIME-OF-DAY MEASUREMENTS

P. D. Colaizzi, S.R. Evett, T. A. Howell, J. A. Tolk

ABSTRACT. Calculation of regional, spatially distributed evapotranspiration (ET) is possible using remotely sensed surface
temperatures from sensors aboard air or space platforms. These platforms provide instantaneous data at frequencies of days
to weeks, so that instantaneous latent heat flux can be computed from energy balance algorithms. However, instantaneous
latent heat flux must be converted to ET and then scaled to daily (24 h) totals for most practical applications. We compared
five scaling models where a single measurement of 0.5 h ET was used to estimate the daily total during clear days. Each model
takes advantage of the clear day, quasi-sinusoidal nature of daytime ET and other daytime parameters including solar
radiation, available energy, or reference ET. The surfaces were fully irrigated alfalfa, partially irrigated cotton, dryland grain
sorghum, and bare soil (tilled fallow sorghum). Actual ET was measured by precision weighing lysimeters. Model agreement
was evaluated on the basis the modified index of agreement (D) and the modified coefficient of efficiency (&), in addition to
standard statistical parameters. For cropped surfaces, the models based on grass reference ET resulted in the best agreement
between observed and predicted daily ET totals. For bare soil, the model based on available energy (i.e., evaporative fraction)
resulted in the best agreement. Relative error between observed and predicted daily ET increased as daily ET decreased.
Observed and predicted daily ET agreed well for the transpiring crops (RMSE of 0.33 to 0.46 mm d~! for mean daily ET of
3.9 to 5.8 mm d~1) but poorly for bare soil (RMSE of 0.47 mm d~! for mean daily ET of 1.4 mm d ).

Keywords. Energy balance, Evapotranspiration, Lysimeters, Remote sensing, Water management.

fundamental problem in using remote sensing to

estimate local and regional evapotranspiration

(ET) involves the scaling of instantaneous latent

heat flux (derived from remotely sensed surface
temperature at a single time of day) to daily ET (the 24 h to-
tal). Remotely sensed data for this purpose are typically pro-
vided by satellite (e.g., Landsat, MODIS) or airborne
platforms. Several scaling methods have been proposed that
essentially rely on a ratio of latent heat flux and some other
component that is available on an hourly basis, such as in-
coming energy or reference ET. During clear skies and in the
absence of significant advected energy, daytime plots of
these components will assume a quasi-sinusoidal shape, and
their ratios have been observed to remain fairly constant
(Crago, 1996a). This would allow estimation of daily ET pro-
vided the contribution of nighttime ET was relatively small
(Jackson et al., 1983).
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One of the more common scaling methods uses the
evaporative fraction (EF) (Crago, 1996a, 1996b; Crago and
Brutsaert, 1996; Suleiman and Crago, 2004; Bastiaanssen et
al., 1998), and daily ET is:

—LE | 1000
ET)y ={ —— 1
24 (Rn p= J(p—wx 124 ey

where ETyy is the daily (24 h) total ET (mm d~1), LE is latent
heat flux (W m~2), Ry, is net radiation (W m~2), G is soil heat
flux (W m~2), p,, is the density of water (kg m=3), A is the
latent heat of vaporization for water (MJ kg™1), R,24 is the
24 h total net radiation (MJ m=2 d~!), and EF = -LE / (R, -
G). The numerical value of 1000 is used to convert meters to
millimeters. The sign convention is positive towards the
canopy.

Jackson et al. (1983) proposed a method based on
incoming solar radiation:

—LE | 1000
ETyy = (_R J(—p % JR324 )

where Ry and Ryp4 are instantaneous (W m=2) and daily
(MJ m~2 d-1) incoming solar radiation, respectively. They
showed that for clear skies, Ry24/R; could be closely
approximated by:

Ripq _ 2N
Ry 106Tcsin(nt/N)
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where N is the total time from sunrise to sunset (s), and ¢ is
the time elapsed since sunrise (s). Jackson et al. (1983), Allen
et al. (1998), and Evett (2002) give equations to compute N
and ¢. Combining equations 2 and 3 and converting LE to the
average hourly ET (depth basis) gives:

2N

Ely = ET———F—=
2 nsin(7e/N)

4)

where ET (mm h~!) represents the instantaneous latent heat
flux, and N and ¢ now have units of h.

French et al. (2005) used a scaling method containing both
EF and the ratio of net to incoming solar radiation (R,/Rs):

| —LE R, || 1000
= (Rn -G J(R_s J( pw7L JRS24 )

where all units are as defined previously. The rationale for
including R,,/R; appears to be added stability during daytime
hours, since R, can be related to Ry by simple linear
expressions for clear skies (Fritschen, 1967; Alados et al.,
2003).

Allen et al. (2002, 2003) and Tasumi et al. (2005) used a
scaling method based on the reference ET for alfalfa (ET,):

ET
ET,, = T 6
24 (ET, )E 24 (6)

where ET is the average hourly ET of the surface (mm h1),
and ET, and ET,p4 are the hourly (mm h~!) and daily
(mm d~1) reference ET for alfalfa, respectively. Note that
ET/ET, is the crop coefficient for the alfalfa reference (K,-),
which has been found to be constant (similar to EF) during the
daytime (Allen et al., 2002). Alternatively, the reference ET
for grass (ET,) may be used:

ET
ET,, = T 7
24 (ETOJE 024 (7

Both ET; and ET, were computed according to the ASCE
standardized equations for reference ET (Allen et al., 2005),
and 0.5 h sums were used to compute ET,24 and ET,24.

The purpose of this article is to evaluate the five scaling
methods given by equations 1, 4, 5, 6, and 7 for several
surfaces by scaling ET measured at one time of day (0.5 h
period) to a daily (24 h) total, and to determine the relative
performance of each method using one-time-of-day ET
measurements from mid-morning to mid-afternoon.

PROCEDURE

This study was conducted at Bushland, Texas (35° 11" N,
102° 06" W, 1,170 m elevation MSL). Crop surfaces included
fully irrigated alfalfa (irrigated to meet the full ET require-
ment; 1997, 1998, and 1999 seasons; Evett et al., 2000; Tolk
et al., 2006), dryland grain sorghum (1997, 1998, and 1999
seasons), partially irrigated cotton (irrigated to meet 50% of
the full ET requirement; 2000 and 2001 seasons; Howell et
al., 2004), and bare soil after tilling residue from a grain
sorghum crop (1992 season; Evett, 2002). The climate is
semi-arid with an evaporative demand of approximately
2600 mm year~! (class A pan evaporation) and precipitation
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of 480 mm year~! (66-year average). Strong advection of heat
energy from the south and southwest is typical. The soil was a
Pullman clay loam (fine, mixed, super active, thermic torrertic
Paleustolls) with slow permeability, having a dense Bt2 layer
from about 0.15 to 0.40 m depth and a calcic horizon that begins
at the 1.1 m depth (Taylor et al., 1963; Unger and Pringle, 1981).

Crop water use (evapotranspiration, ET) was measured by
four large precision weighing lysimeters, which have been in
continuous operation since 1987. The four lysimeters are
arranged in a square pattern in a 20 ha field, where each
lysimeter is located in the center of a 5 ha quadrant. The east
quadrants are irrigated with a hose-fed lateral-move sprin-
kler, and the west quadrants are dryland and not irrigated
(except for a preplant and post-emergence irrigation in some
years when preseason precipitation was inadequate for
germination). The lysimeters have a 9-m? surface area and
2.3-m deep monolithic cores. Change in lysimeter mass was
converted to ET on a depth basis with an accuracy of 0.05 mm
and reported every 0.5 h (Marek et al., 1988; Howell et al.,
1995). Standard micrometeorological parameters were re-
corded from instrumented masts adjacent to each lysimeter
every 6 s and reported as 0.5 h averages. Net radiation was
measured with a REBS Q*5.5 net radiometer (REBS, Inc.,
Seattle, Wash.). Soil heat flux was measured with four REBS
HFT-1 heat flux plates buried at 5 cm in the lysimeter with
parallel-wired averaging thermocouples at 2 and 4 cm over
each plate, and surface soil heat flux was estimated using a
single layer approach (Evett, 2002).

Agreement between daily (24 h) ET measured by
weighing lysimeters and daily ET predicted using equations
1, 4,5, 6, or 7 was assessed for each surface. Each equation
requires a one-time-of-day measurement of latent heat flux
(LE) or ET. In equations 4, 6, and 7, 0.5 h ET totals measured
by weighing lysimeters were used, but in equations 1 and 5,
the 0.5 h ET totals were converted to LE (0.5 h averages). The
influence of time of day was also considered by using ET (or
LE) measured at five periods during daylight hours
(9:30-10:00, 11:00-11:30, 12:30-13:00, 14:00-14:30, and
15:30-16:00 CST). These times were approximately £1.5 h
and 3.0 h from solar noon, which occurs at 12:45 to 12:55
CST at our location. Data were screened for days on which
unmeasured or poorly measured changes in the soil water
balance could potentially compromise the integrity of ET
measurements (e.g., rainfall, irrigation, instrument mainte-
nance and repair, plant measurements), and data were further
restricted to clear days when measured incoming solar
radiation closely matched theoretical clear sky radiation
(Allen et al., 1998). This resulted in 304 days for alfalfa,
59 days for partially irrigated cotton, 124 days for dryland
grain sorghum, and 66 days for bare soil.

Model assessment consisted of the standard statistical
parameters (observed mean and standard deviation; pre-
dicted mean and standard deviation; slope; intercept; coeffi-
cient of determination, r2; and root mean squared error,
RMSE), as well as non-squared parameters described by
Legates and McCabe (1999) (modified index of agreement,
D; modified coefficient of efficiency, €; and mean absolute
error, MAE). The modified index of agreement (D) is:

N
D=10—- Nzi:1|_0i Pi| — (8)
Y|P -0l +jo; -0
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where O; is observed data, O is mean of observed data, and
P; is model-predicted value. The modified index of agree-
ment (D) is similar to r?in that 0 < D < 1, with greater values
of D indicating better agreement between observed and
predicted values. However, Legates and McCabe (1999)
argued that D is less sensitive to outliers because errors and
ranges are not inflated by squared values; therefore, D is not
as subject to artificially high values as r2. The modified
coefficient of efficiency (€) is:

N
e= 1.0——N—zi=1|0i il (9)
2«: Oi _5|

The modified coefficient of efficiency (€) in interpreted
differently from D or r2, where — <g < 1, and = 0 indicates
that the mean of all observed values is as good a predictor as
the model (if € < 0, then the mean of observed values is
actually a better predictor than the model). In addition,
(1 —¢) indicates the absolute error between observed and
predicted values as a percentage of the observed variance.
The mean absolute error (MAE) is:

N [0~ A

i1 N
The mean absolute error (MAE) should be used in

conjunction with RMSE, where the extent that RMSE > MAE

indicates the extent of outliers in the data, and poor model
performance can be interpreted when MAE is greater than

MAE =3, (10)
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50% of the observed standard deviation. Legates and
McCabe (1999) strongly recommended that observed and
modeled means and standard deviations, D, €, MAE, and
RMSE be reported as the minimum for appropriate model
assessment.

RESULTS AND DISCUSSION

As a first assessment of model performance, the modified
coefficient of efficiency (€) was plotted for each model and
field surface for the five 0.5 h time periods (fig. 1). In this
article, all times reported are at the midpoint of the 0.5 h
period. For alfalfa (fig. 1a), the scaling model based on
reference ET for alfalfa (ET/ET,, eq. 6) resulted in the
greatest € until after solar noon (12:45), when it became
nearly equal to the scaling model based on reference ET for
grass (eq. 7). The scaling models based on incoming solar
radiation (eq. 4) and evaporative fraction — net to incoming
solar radiation ratio (eq. 5) resulted in considerably less €
except for solar noon (12:45) and mid-afternoon (14:15). The
scaling model based solely on evaporative fraction (eq. 1)
resulted in the lowest € except for late afternoon (15:45). The
ET/ET, and ET/ET, models appeared least sensitive to time
of day. The additional parameters of model performance for
alfalfa exhibited a similar pattern as €, in that the most
favorable performance (e.g., greatest r> and D and lowest
MAE and RMSE) occurred for ET/ET, and ET/ET, during
the afternoon (table 1). In addition, MAE for these cases were
approximately 10% of the observed standard deviation
(3.26 mm d~!), indicating good model agreement, and
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Figure 1. Modified coefficient of model efficiency (¢) of five models at five times of the day, where the times represent the midpoint of the 0.5 h period.
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Table 1. Performance of five models at five times of the day for fully irrigated alfalfa (n = 304).
Observed (mm d-1) Predicted (mm d1)

Intercept MAE RMSE

Model Time  Mean Std Dev Mean  StdDev  Slope (mmd-l) 2 D € (mmd-!) (mmd1)
EF X R,24 9:45 5.8 3.26 3.7 2.52 0.74lal  —p.6202] 092 0.61 0.19 2.14 2.40
EF X (Ry/Rg) X Ryoq 9:45 5.8 3.26 4.4 2.88 0.84lal  —0.48] 092 073 045 1.45 1.69
(ET/Rs) X Ry24 9:45 5.8 3.26 43 2.77 0.81lal  —0.45la] 091 070 0.40 1.59 1.85
(ET/ET,) X ET,24 9:45 5.8 3.26 5.3 3.22 0.96lal  —028l] 094 086 0.72 0.74 0.97
(ET/ET;) X ET,24 9:45 5.8 3.26 55 3.37 1.00 -0.28l21 094 088 0.76 0.62 0.88
EF X R,24 11:15 5.8 3.26 3.9 2.40 0.72[al  —p.25la] 095 0.64 029 1.89 2.16
EF X (Ry/Rs) X Rya  11:15 5.8 3.26 5.0 2.80 0.84[al 0.08 096 083 0.68 0.85 1.10
(ET/R) X Ry24 11:15 5.8 3.26 49 2.82 0.852l -0.08 096 081 0.64 0.96 1.18
(ET/ET,) XxET,p4  11:15 5.8 3.26 5.4 3.09 0.94[al -0.04 098 090 081 0.50 0.63
(ET/ET,) xET,p4  11:15 5.8 3.26 5.7 3.30 1.00 -0.09 098 093 087 0.36 0.46
EF X R,24 12:45 5.8 3.26 43 2.55 0.76lal  —0.14l2] 096 0.70 0.43 1.51 1.77
EF X (Ry/Rg) X Ryoq  12:45 5.8 3.26 5.5 2.98 0.902] 0.28la 098 091 083 0.44 0.63
(ET/R) X Ry24 12:45 5.8 3.26 5.4 3.03 0.91[al 0.05 097 089 0.79 0.56 0.75
(ET/ET,) XxETyp4  12:45 5.8 3.26 5.6 3.16 0.96l2] -0.03 099 093 087 0.35 0.46
(ET/ET,) xET,pq  12:45 5.8 3.26 5.9 3.35 1.02la] -0.08 099 095 089 0.29 0.38
EF X Ry,24 14:15 5.8 3.26 49 2.86 0.852l -0.06 095 082 0.64 0.94 1.21
EF X (Ry/Rs) X Rypa  14:15 5.8 3.26 6.1 3.29 0.99 036l 097 091 081 0.50 0.63
(ET/R) X Ry24 14:15 5.8 3.26 5.9 3.30 1.00 0.10 097 092 084 0.43 0.58
(ET/ET,) XxETyp4  14:15 5.8 3.26 5.8 3.32 1.01 -0.13la1 099 0.95 0.90 0.28 0.38
(ET/ET,) xET,p4  14:15 5.8 3.26 5.9 3.44 1.05la1  —0.18l1 099 094 0.89 0.30 0.44
EF X Ry,24 15:45 5.8 3.26 6.1 331 0.97 0.46lal 092 087 0.73 0.71 0.99
EF X (Ry/Rs) X Ryoa  15:45 5.8 3.26 7.0 3.61 1.09la] 0.71la 096 0.78 0.54 1.22 1.43
(ET/Rs) X Ry24 15:45 5.8 3.26 6.6 3.58 1.08la] 0.28la1 097 086 0.70 0.79 1.02
(ET/ET,) XETyp4 1545 5.8 3.26 6.0 3.39 1.03la] -0.02 099 094 088 0.33 0.44
(ET/ET,) xET,p4  15:45 5.8 3.26 5.9 3.39 1.03la1 011l 099 094 088 0.31 0.41

[a] Slope or intercept is not significantly different from one or zero, respectively (two-tailed Student t test, o = 0.05).

Table 2. Performance of five models at five times of the day for partially irrigated cotton (n = 59).

Observed (mm d-1) Predicted (mm d-1) Intercept MAE RMSE

Model Time Mean Std Dev Mean Std Dev Slope  (mmdl) 2 D € (mm d!) (mmd1)
EF X Ry,24 9:45 3.9 1.93 3.4 1.75 0.8712l -001 091 083 0.66 0.56 0.78
EF X (Ry/Rs) X Ryos  9:45 3.9 1.93 3.8 1.93 0.95 0.15 090 086 0.72 0.46 0.61
(ET/R) X Ry24 9:45 3.9 1.93 33 1.80 0.902] -022 092 081 0.62 0.64 0.82
(ET/ET,) XETy24  9:45 3.9 1.93 4.1 2.15 1.08la] -0.13 094 088 0.74 0.44 0.57
(ET/ET,) xETypq  9:45 3.9 1.93 42 2.23 1.12la] -0.12 093 085 0.68 0.53 0.69
EF X R,24 11:15 3.9 1.93 32 1.60 0.81[2l 0.10 095 0.78 0.9 0.68 0.83
EF X (Ry/Rg) X R4 11:15 3.9 1.93 3.8 1.75 0.89lal 039l 096 090 0.81 0.32 0.42
(ET/R) X Ry24 11:15 3.9 1.93 3.4 1.76 0.89l2l -0.03 097 085 0.72 0.47 0.58
(ET/ET,) XxET,p4  11:15 3.9 1.93 4.0 2.02 1.03 0.05 097 092 083 0.29 0.39
(ET/ET,) xET,p4  11:15 3.9 1.93 43 2.14 1.09la] 0.03 097 087 0.73 0.45 0.58
EF X Ry,24 12:45 3.9 1.93 33 1.61 0.81[2l 0.13 093 0.79 0.60 0.67 0.85
EF X (Ry/Rg) X Ryoq  12:45 3.9 1.93 3.8 1.72 0.8712l 0.46lal 095 087 0.77 0.39 0.47
(ET/R) X Ry24 12:45 3.9 1.93 3.4 1.76 0.892l -0.05 095 085 0.70 0.49 0.64
(ET/ET,) XETyp4  12:45 3.9 1.93 3.8 1.93 0.99 -001 097 092 085 0.26 0.33
(ET/ET,) XET,p4  12:45 3.9 1.93 4.0 2.04 1.04 -001 097 091 081 0.31 0.38
EF X R,24 14:15 3.9 1.93 33 1.75 0.89l2l -013 095 082 0.65 0.58 0.72
EF X (Ry/Rs) X Ry2a  14:15 3.9 1.93 3.8 1.85 0.94[2l 0.18 097 092 084 0.27 0.36
(ET/R) X Ry24 14:15 3.9 1.93 3.6 1.84 0.932] -0.04 096 088 0.77 0.38 0.50
(ET/ET,) XxET,p4  14:15 3.9 1.93 3.8 1.96 1.01 -0.09 098 094 088 0.21 0.28
(ET/ET,) xET,p4  14:15 3.9 1.93 4.0 2.05 1.05la] -0.14 098 093 0.85 0.25 0.32
EF X R,24 15:45 3.9 1.93 3.7 1.88 0.94 0.02 093 088 0.76 0.41 0.55
EF X (Ry/Rs) X Ry2a  15:45 3.9 1.93 4.0 1.95 0.98 0.20 095 090 0.79 0.35 0.46
(ET/R) X Ry24 15:45 3.9 1.93 3.9 1.86 0.95 0.18 097 092 084 0.27 0.36
(ET/ET,) XxETyp4  15:45 3.9 1.93 3.9 1.96 0.99 -001 096 092 0.83 0.28 0.38
(ET/ET,) xET,p4  15:45 3.9 1.93 3.8 2.00 1.01 -011 096 091 082 0.30 0.41

[aI Slope or intercept is not significantly different from one or zero, respectively (two—tailed Student t test, o. = 0.05).

RMSE was not greater than 50% of MAE, indicating a gener- The ET/ET, model resulted in the greatest € for all five
al absence of outliers (Legates and McCabe, 1999). time periods for the partially irrigated cotton (fig. 1b).
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Similar to alfalfa, the EF model resulted in the lowest € (ex-
cept for 9:45); however, the € for the EF model was greater
for cotton than for alfalfa. The EF, EF X R,/Rg, and ET/R;
models appeared less sensitive to time of day for cotton than
for alfalfa. The D, r2, MAE, and RMSE parameters also sug-
gested that the ET/ET,, model performed best for cotton, es-
pecially during the afternoon (table 2). The MAE for these
cases were less than 15% of the observed standard deviation
(1.93 mm d-1), also indicating good model agreement, and
RMSE was not greater than 30% of MAE, also indicating the
data were mostly free of outliers.

The € values for the dryland grain sorghum were less
consistent during the day than for alfalfa or cotton, although
the ET/ET, model resulted in the largest € three out of five
times (fig. 1c). Interestingly, the ET/R; model had the largest
€ at solar noon (12:45), followed by the ET/ET, model. All
models for grain sorghum (except the EF model) had the best
performance at solar noon, when peak energy exchange
mostly likely occurred (table 3). As a general recommenda-
tion for cropped surfaces, the ET/ET, scaling model would,
in most cases, result in the best prediction of daily ET, where
the one-time-of-day ET measurement around solar noon was
used. Both the ET/ET,, and ET/ET, scaling models appeared
more stable throughout the day than the other models, an
important consideration because the time of a remote sensing
platform overpass may vary.

Model performance for bare soil (following tillage of
grain sorghum stubble) was poor according to values of €
(fig. 1d) and other parameters (table 4) throughout the day.
For all models, € was less than zero during the morning and
late afternoon (except EF), indicating that the observed mean
of daily ET (1.4 mm d-!) was a better predictor than any

model at these times. All models had the greatest € at solar
noon. Although all € values were greater than zero, the
greatest € (0.38 for the EF model) was much lower than for
all other surfaces, and MAE (0.37 mm d~!) was almost 50%
of the observed standard deviation (0.76 mm d~1). Unlike the
other surfaces, the EF model appeared to have the least poor
performance, but similar to the other surfaces, the bare soil
data appeared free of outliers because RMSE was not greater
than 50% of MAE.

The disparity in model performance between the cropped
surfaces and bare soil was mostly related to signal-to-noise
ratios of measured ET. The magnitude of the relative model
error increased as ET decreased (fig. 2), where relative error
was defined as [(O; — P;)/O;] x 100%, and O; and P; are
observed and predicted daily ET, respectively. The predicted
daily ET (#;) in figure 2 was computed using ET/ET, for the
crops and EF for the bare soil during the solar noon time
period (12:45). Relative error was within 10% for daily ET
greater than 6 mm d~! and within 20% for daily ET greater
than 3 mm d~!. Most relative error greater than 20% only
occurred for the bare soil, which had daily ET values ranging
from only 0.42 to 3.16 mm d-l. This result would be
expected, since for a given measurement precision, relative
error between a measured value and simulated values
increases as the measured value decreases.

The effect of other variables on model performance were
investigated, including the proportion of nighttime ET to daily
ET, wind speed, variance of scaling factors during the daytime,
and correlation between measured ET and quasi-sinusoidal
parameters (i.e., ET,, ET,, R;, and R,, — G) during the daytime.
These variables conceivably could have also influenced the
poor model performance observed for bare soil.

Table 3. Performance of five models at five times of the day for dryland grain sorghum (n = 124).

Observed (mm d-1)

Predicted (mm d1)

Intercept MAE RMSE
Model Time  Mean Std Dev Mean  StdDev  Slope (mmd~!) 2 D € (mmd-!) (mmd)
EF X R,24 9:45 4.1 1.84 3.1 1.51 0.74a] 0.05 0.82 0.65 032 1.08 1.27
EF X (Ry/Rs) X Ryos  9:45 4.1 1.84 3.6 1.68 0.82[a] 0.23 0.81 0.76 0.53 0.75 0.93
(ET/R) X Ry24 9:45 4.1 1.84 3.1 1.48 0.76la -0.05 090 0.65 0.33 1.07 1.21
(ET/ET,) XxETy24  9:45 4.1 1.84 3.6 1.66 0.86l2] 0.06 0.90 0.80 0.61 0.63 0.79
(ET/ET,) xETypq  9:45 4.1 1.84 3.7 1.69 0.8712l 0.12 090 0.82 0.65 0.55 0.71
EF X Ry,24 11:15 4.1 1.84 3.4 1.64 0.84[a] -0.01 089 0.77 0.5 0.72 0.88
EF X (Ry/Rg) X R4 11:15 4.1 1.84 42 1.87 0.96 0.26 089 086 0.71 0.47 0.61
(ET/R) X Ry24 11:15 4.1 1.84 3.7 1.77 0.94[2] -0.09 096 087 0.75 0.40 0.50
(ET/ET,) XxET,p4  11:15 4.1 1.84 4.0 1.87 0.99 0.00 095 090 0.79 0.34 0.44
(ET/ET,) xET,p4  11:15 4.1 1.84 43 1.96 1.04 0.04 094 088 0.74 0.41 0.52
EF X R,24 12:45 4.1 1.84 3.6 1.76 093l  -023ll 095 0.83 067 0.54 0.64
EF X (Ry/Rs) X Ry2a  12:45 4.1 1.84 4.4 1.99 1.06la] 0.03 096 0.89 0.77 0.38 0.50
(ET/Rs) X Ry24 12:45 4.1 1.84 4.1 1.95 1.05la1  —0.19la1 098 094 0.88 0.19 0.27
(ET/ET,) X ETyp4  12:45 4.1 1.84 4.2 1.96 1.05[al -0.11 098 092 0.84 0.26 0.34
(ET/ET,) xET,p4  12:45 4.1 1.84 4.4 2.05 1.10[l -0.10 097 088 0.75 0.40 0.51
EF X R,24 14:15 4.1 1.84 3.9 1.90 1.01 -0.16 095 089 0.77 0.37 0.45
EF X (Ry/Rs) X Ry2a  14:15 4.1 1.84 4.7 2.09 1.12la] 0.10 096 082 0.61 0.62 0.74
(ET/Rs) X Ry24 14:15 4.1 1.84 4.4 2.04 1.10[l -0.12 098 089 0.77 0.36 0.45
(ET/ET,) X ET,p4  14:15 4.1 1.84 43 2.02 1.08la] -012 097 091 0.80 0.32 0.42
(ET/ET,) xET,p4  14:15 4.1 1.84 45 2.11 1.13[al -015 097 087 0.72 0.45 0.59
EF X R,24 15:45 4.1 1.84 4.4 2.03 1.06 0.09 092 086 0.71 0.47 0.69
EF X (Ry/Rs) X Ry24  15:45 4.1 1.84 49 2.16 1.14[al 0.26 094 075 0.45 0.87 1.02
(ET/R) X Ry24 15:45 4.1 1.84 4.6 2.09 1.12[al 0.08 096 082 0.61 0.62 0.72
(ET/ET,) XxET,p4  15:45 4.1 1.84 4.4 2.03 1.08[al -0.03 095 087 0.73 0.43 0.54
(ET/ET,) xET,p4  15:45 4.1 1.84 43 2.07 1.09la] -0.12 094 087 0.72 0.45 0.58
[a] Slope or intercept is not significantly different from one or zero, respectively (two-tailed Student t test, o = 0.05).
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Table 4. Performance of five models at five times of the day for bare soil (tilled fallow sorghum) (n = 66).

Observed (mm d-1) Predicted (mm d-1) Intercept MAE RMSE

Model Time Mean Std Dev Mean  Std Dev Slope (mmd!) 2 D € (mm d!) (mmd)
EF X Ry,24 9:45 1.4 0.76 1.8 1.40 1.36 -0.10 053 052 -035 082 1.07
EF X (Ry/Rg) X Ry24  9:45 1.4 0.76 23 1.73 1.62[a] 0.02 050 039 -1.04 124 1.57
(ET/R) X Ry24 9:45 1.4 0.76 1.8 1.41 1.38la] -015 054 051 -036 083 1.06
(ET/ET,) XxET,p4  9:45 1.4 0.76 22 1.74 1.64la] -0.07 051 039 -1.00 122 1.54
(ET/ET;) X ET,24 9:45 1.4 0.76 23 1.80 1.69la -007 050 038 -1.10 128 1.62
EF X Ry,24 11:15 1.4 0.76 1.8 1.27 1.11 0.29 043 052 -0.14  0.69 1.05
EF X (Ry/Rs) X Ryps  11:15 1.4 0.76 23 1.50 1.27 0.52 041 040 -0.69  1.03 1.47
(ET/Ry) X Ry24 11:15 1.4 0.76 1.9 1.27 1.09 0.36 042 049 -020  0.73 1.08
(ET/ET,) XxET,p4  11:15 1.4 0.76 2.1 1.34 1.06 0.63 036 044 -043 087 1.28
(ET/ET,) xET,p4  11:15 1.4 0.76 22 1.41 1.11 0.65 035 042 -055 094 1.39
EF X R,,24 12:45 1.4 0.76 15 0.84 0.93 0.18 0.69 0.70 038 0.37 0.47
EF X (Ry/Rg) X Ryog  12:45 1.4 0.76 1.8 0.97 1.03 0371 0.64 0.60 0.09 0.56 0.71
(ET/Ry) X Ry24 12:45 1.4 0.76 1.5 0.81 0.85 0331 0.63 0.68 035 0.40 0.52
(ET/ET))XET,p4  12:45 1.4 0.76 1.6 0.78 0.78lal 0.501 056 0.65 0.29 0.43 0.57
(ET/ET,) xET,pq  12:45 1.4 0.76 1.7 0.82 0.81 0.52[a1 056 0.63 024 0.46 0.62
EF X R,,24 14:15 1.4 0.76 13 0.90 0.84 0.15 0.50 0.64 021 0.48 0.64
EF X (Ry/Rg) X Ry24  14:15 1.4 0.76 1.6 1.02 0.91 0.29 046 0.61 0.08 0.56 0.77
(ET/Ry) X Ry24 14:15 1.4 0.76 13 0.89 0.78 0.27 043 063 020 0.49 0.69
(ET/ET,) XxET,p4  14:15 1.4 0.76 1.3 0.87 0.70[al 0.38 037 0.60 0.17 0.51 0.72
(ET/ET,) xET,pq  14:15 1.4 0.76 1.4 0.89 0.73al 0.39 0.38 0.60 0.15 0.52 0.72
EF X Ry,24 15:45 1.4 0.76 13 1.25 1.14 -031 048 0.63 0.1 0.54 0.91
EF X (Ry/Rs) X Ryoq  15:45 1.4 0.76 1.4 1.41 1.20 -022 041 060 -001 061 1.09
(ET/Ry) X Ry24 15:45 1.4 0.76 1.2 1.29 1.03 -0.18 036 0.60 0.04 0.58 1.03
(ET/ET,) XxET,p4  15:45 1.4 0.76 1.2 1.28 0.93 -0.08 030 057 001 0.60 1.08
(ET/ET,) xET,p4  15:45 1.4 0.76 1.2 1.27 0.92 -0.08 030 057 0.02 0.60 1.07

[a] Slope or intercept is not significantly different from one or zero, respectively (two-tailed Student t test, o = 0.05).

The scaling models described herein assume that most ET
occurs during daylight hours with little contribution of
nighttime ET to daily totals. This appears to be a valid
assumption for the present data set (fig. 3). The average
nighttime to daily ET ratios for alfalfa, cotton, grain
sorghum, and bare soil were 0.07, 0.07, 0.04, and 0.16,
respectively, although much of the data ranges almost to 0.2
for ET rates less than approximately 7 mm d~!. Negative
ratios indicate nighttime condensation. The amount of
nighttime ET depends on climate (e.g., vapor pressure
deficit, wind speed, sensible heat flux gain), irrigation
practices, and type of surface (Jackson et al., 1983; Tolk et al.,
2006). Nighttime ET at our location was generally less than
1 mm d-1, and ratios greater than 0.10 usually occurred only

when daily ET was less than about 6 mm d~1. Attempts to
correct for nighttime ET by multiplying daily totals by a
factor (Jackson et al., 1983) did not improve model
performance, and we observed no correlation between the
proportion of nighttime ET to daily ET and model perfor-
mance for any surface.

Wind speed is directly related to the standard deviation of
mass measured by the weighing lysimeters, and standard
deviations were greater for bare soil than for crops, since
turbulent mixing inside the crop canopy will dissipate some
of the momentum transferred to the lysimeter surface
(Howell et al., 1995; Evett, 2002). The high winds typical for
our location would be expected to degrade the precision of
lysimeter measurements and hence degrade model agree—
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Figure 2. Relative model error [(P; — O;)/0;, where O; and P; are observed and predicted daily ET, respectively] vs. observed daily (24 h) ET.
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Figure 3. Ratio of observed nighttime ET to observed daily (24 h) ET vs. observed daily ET.

ment (especially for bare soil, where ET values were relatively
small); however, we observed no relation between wind speed
and model performance for any surface, considering all days.

The extent that daytime ET follows a quasi-sinusoidal
shape has direct bearing on how constant the scaling factor
is during the daytime, which is a basic assumption of each
scaling model. Therefore, we checked for relationships
between model performance and the variance of daytime
scaling factors, and relationships between model perfor-
mance and the correlation between daytime ET and quasi-si-
nusoidal parameters (i.e., ET,, ET;, R;, and R,, — G). Although
no relationships were observed, the following examples
illustrate the daytime behavior of scaling factors and energy
flux components for alfalfa during highly advective condi-
tions (i.e., high wind speed), alfalfa during relatively low
advection (i.e., low wind speed), and bare soil during
moderate wind speeds.

The scaling factors for fully irrigated alfalfa under strong
regional advection were observed as fairly constant from
8:00 to around 15:00 (fig. 4a). Wind speed at the 2 m height
exceeded 11 m s~! at solar noon. Measured ET appeared
quasi-sinusoidal, as were each scaling parameter (ET, ET,,
and ET, were converted to energy flux for plotting with
R, -G and Ry) (fig. 4b). Sensible heat flux contributed
significantly to the energy balance (not shown), and mea—
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sured ET exceeded both R,, — G and Ry all day. Measured and
predicted daily ET (using the ET/ET, model at solar noon)
was 18.1 and 17.8 mm d~1, respectively, which agreed very
well. On another day with much less advection (i.e., midday
wind speeds at the 2 m height were around 3.0 m s71), day-
time scaling factors were also fairly constant (fig. 5a) and
somewhat less than those in figure 4a. Measured ET and scal-
ing parameters (converted to energy flux where necessary)
also appeared quasi-sinusoidal (fig. 5b), but measured ET
flux was much less compared with figure 4b and was very
similar in value to R, — G and ET,.. Measured and predicted
daily ET was 9.5 and 8.4 mm d~!, respectively.

The measured ET values for bare soil, on the other hand,
were relatively small (0.00 to 0.13 mm per 0.5 h) and similar
to the noise levels expected for measured changes in
lysimeter mass (0.05 mm), resulting a rather non-sinusoidal
shape (fig. 6b). Consequently, the scaling factors for bare soil
were often variable during the daytime (fig. 6a). Measured and
predicted daily ET (using the EF model at solar noon) were 0.97
and 1.73 mm d-1, respectively. The overestimation of daily ET
was likely because EF was at a local maximum (0.38) at solar
noon; underestimation would have resulted if EF at 13:15 or
16:45 had been used. Comparison of figures 4, 5, and 6 further
illustrates why daily ET scaling models performed relatively
well for transpiring crops but poorly for bare soil.

——ObservedET -6 ET, -x—ET, -o R.-G —e— R,

1400
1200 4~ — — — —
1000 — — — — A - N S
800 -

Energy Flux (W m-2)

Figure 4. (a) Daytime scaling factors, and (b) energy flux components for alfalfa (LAI = 2.4) at the southeast lysimeter on DOY 164, 1998, during strong
regional advection. Observed and predicted daily ET was 18.1 and 17.8 mm d-1, respectively, and wind speed measured at the 2 m height was 11.2 m

s~1 at solar noon.
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Figure 5. (a) Daytime scaling factors, and (b) energy flux components for alfalfa (LAI = 2.9) at the southeast lysimeter on DOY 172, 1998, with relatively
low advection. Observed and predicted daily ET was 9.5 and 8.4 mm d-L, respectively, and wind speed measured at the 2 m height was 3.0 m s~ at solar

noon.
e—EF —a EF*R/R) —a—ETR —o—ET/ET, —s—ET/ET,
=
o
S
(3}
©
w
(<))
£
=
[
(2]
L — — e 4
n wn n [Ts) n n v [fe} n [fe} v
® » 5 T & ®» ¥ b ® K
(a)

e=—QObserved ET o ET, —x- ET, -4 R,-G —@ Rs

1000

800 -+

600 +

400 4

Energy Flux (W m-2)

Figure 6. (a) Daytime scaling factors, and (b) energy flux components for bare soil (tilled fallow sorghum) at the northwest lysimeter on DOY 261, 1992.

Observed and predicted daily ET was 0.97 and 1.73 mm d-1, respectively.

CONCLUSION

Five scaling models that estimate daily ET given a
one-time-of-day measurement of ET were evaluated for fully
irrigated alfalfa, partially irrigated cotton, dryland grain
sorghum, and bare soil during clear days. The five scaling
models used the evaporative fraction, incoming solar radi-
ation, ratio of net to incoming solar radiation, reference ET
for grass, or reference ET for alfalfa as the daytime
quasi-sinusoidal parameter. For transpiring crops (alfalfa,
cotton, and grain sorghum), the model based on reference ET
for grass resulted in the best model agreement in most cases.
For bare soil, the model based on evaporative fraction
resulted in the best agreement. Model agreement was usually
best for crops when the one-time-of-day ET measurement
was used within 1 or 2 h of solar noon, when energy flux
components were at daily maxima.

Relative error between observed and predicted daily ET
was directly related to observed daily ET. Observed and
predicted daily ET agreed well for the transpiring crops
(RMSE of 0.33 to 0.46 mm d~! for mean daily ET of 3.9 to
5.8 mm d~!) but poorly for bare soil (RMSE of 0.47 mm d~!
for mean daily ET of 1.4 mm d~!). We therefore recommend
using the model based on the grass reference ET, where the
one-time-of-day ET measurement occurs within 1 or 2 h of
solar noon, to estimate daily ET for transpiring vegetation.
For bare soil or other surfaces having low ET rates
(i.e., <3 mm d71), the scaling model based on evaporative
fraction at solar noon may give slightly better estimates than
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seasonal means. Regardless of the scaling model used, the
resulting daily ET values should be verified for reasonable
values.

Finally, we emphasize that the one-time-of-day ET
measurements used in this study were 0.5 h averages, and
these were intended to represent instantaneous latent heat
flux estimated by remotely sensed surface temperature.
Consequently, agreement between observed daily ET and ET
predicted with instantaneous flux may not be as good as the
results reported here. The next step in this research is to apply
remote sensing algorithms to estimate daily ET.
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